PTLD is a well-recognized complication of organ transplantation. Large series of heart, renal, and liver transplants have been examined for the incidence and behavior of PTLD. However, reports of the incidence and characteristics of PTLDs in lung transplant (LTx) patients are few. We report our experience with PTLDs in a large series of LTx recipients at a single institution and compare them to other solid organ transplant recipient PTLDs seen at our institution. Twenty-eight patients were found to have PTLD, of whom 8 were lung transplant recipients. We evaluated nine PTLD specimens from these 8 patients for their histology, immunophenotype (CD20, CD3, EBV-LMP1), EBER status by in situ hybridization, and clinical features. The incidence of PTLD was 3.3% (8/244 patients). The time to development of PTLD, after transplant, was short (median time, 7 mo). All were of B-cell lineage. Overall, EBV was demonstrated in 77.7% (7 of 9 specimens) of PTLDs. All specimens tested for clonality were found to be monoclonal. Five patients died, with a median time to death of only 4.6 months. PTLDs in LTx patients are EBV-associated B-cell, predominantly monoclonal lymphoid lesions similar to other solid organ transplant PTLDs. Compared with other solid organ transplant recipients with PTLD at our institution, PTLDs in LTx patients have a propensity to involve the transplanted organ (P ‫؍‬ .001, Fisher's exact test), occur earlier after transplant (P ‫؍‬ .003, Wilcoxon test), and have a shorter survival (P ‫؍‬ .002, log rank test). Reasons for this may include the relatively higher level of immunosuppression required in these patients and limited options in decreasing it. Although the incidence is low, careful early monitoring of lung transplantation patients is warranted because of the poor prognosis of patients developing this complication.
Posttransplant lymphoproliferative disorder (PTLD) is a well-known complication in solid organ transplant patients (1) (2) (3) (4) . The incidence of PTLDs in transplant patients ranges from Ͻ2 to 10% (5, 6) . These are a heterogeneous group of disorders that have varying morphology, clinical manifestations, biological behavior, and response to treatment. PTLDs are commonly associated with Epstein-Barr virus (EBV) infection, implicating it in the pathogenesis of these lesions (2, (7) (8) (9) (10) . Known risk factors include the patient's age, transplanted organ, EBV status before transplant, and immunosuppressive drugs (11, 12) .
Over the past decade, numerous attempts have been made to classify these lesions using morphology, immunohistochemistry, and monoclonality, but none of these tools alone or in combination accurately predicts biological behavior (13, 14) . Monoclonality is considered an adverse prognostic feature; however, some monoclonal PTLDs regress with reduction in immunosuppression. Conversely, a subset of polyclonal lesions has a more aggressive course (14) . More recently other molecular genetic studies have detected oncogene alterations and BCL-6 mutations that have been shown to be useful prognostic indicators (15, 16) .
The incidence of PTLDs varies depending on the transplanted organ (11) .The characteristics of PTLDs have been studied in large series of heart, kidney, and liver transplant patients (3, 12, (17) (18) (19) (20) (21) . Large series reporting the incidence and presentation of PTLDs exclusively in lung transplant (LTx) patients are few (12, (22) (23) (24) . We recently encountered two PTLDs in LTx patients that occurred early after transplantation and demonstrated an aggressive clinical behavior. On review of the literature, we found a varied experience, with some reporting a high incidence of PTLD in LTx patients, whereas others found a much lower incidence (12, (22) (23) (24) .
We reviewed our experience with PTLDs in LTx patients at the Cleveland Clinic to determine whether these PTLDs have distinctive clinical or pathologic features compared with those in other solid organ recipients.
MATERIALS AND METHODS
The files from the department of Anatomic Pathology at the Cleveland Clinic Foundations were searched for cases of PTLD occurring in solid organ transplant patients. All cases of PTLDs regardless of the organ transplanted were retrieved for evaluation. Four thousand thirty-three patients underwent solid organ transplantation (244 lung, 564 liver, 2332 kidney, and 893 heart) at the Cleveland Clinic at the time of our search. Twenty-eight patients were found to have PTLD, of whom 8 were recipients of LTxs. Nine specimens from the eight LTx patients consisted of seven paraffin-embedded tissue biopsy blocks and two cytology specimens. One patient had a recurrence, accounting for the one additional specimen. The remaining 20 patients were from other solid organ transplant procedures: kidney (n ϭ 8), heart (n ϭ 7), and liver (n ϭ 5). Paraffin-embedded tissue blocks were available for 21 specimens (1 recurrence) from these patients. Although we are certain that all PTLDs were captured from the LTx patients, the PTLDs from the other solid organ transplant patients may not be complete because of limitations in searching before 1988. Clinical features including initial disease for transplant, time to PTLD, site of PTLD, stage of the patient, recurrence, immunosuppression regimen, and type and response to treatment, were evaluated for all PTLDs. One LTx patient (Patient 3) was previously reported (25) . Autopsies were performed in five cases (1 LTx patient and 4 non-LTx patients).
Statistics
Comparative analysis of clinical, morphological, and immunohistochemical parameters between LTx and other solid organ transplants was done using either the chi-square test or Fisher's exact test, for categorical variables, or the Wilcoxon test, for continuous variables. Overall survival was estimated using the Kaplan-Meier method and compared between LTx and other solid organ transplants via log-rank test. P Ͻ .05 was used to indicate statistical significance.
Immunophenotyping
Immunohistochemistry (IHC) using a standard streptavidin-biotin complex technique was performed on paraffin-embedded sections and cell blocks using an automated stainer (Ventana Medical Systems, Tucson, AZ). Lineage was established in all cases either by CD3 and CD20 immunostaining or by flow cytometry. All cases were stained for LMP-1. Kappa and lambda light chain analysis was performed in a subset of non-LTx PTLDs either by IHC or flow cytometry at the time of initial diagnosis. Only Patient 8 among the LTx PTLD was tested for immunoglobulin light chain restriction (by IHC), and monoclonality was established by molecular techniques in the other cases. The cytology specimens were not tested for clonality because of insufficient tissue. Additionally CD30, CD43, and CD79a were also performed in some LTx PTLDs at the time of diagnosis, and pertinent results are reported in Table 1 . The identity and source of antibodies is summarized in Table 2 .
Four-color flow-cytometric immunophenotyping was performed using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). Monoclonal antibodies to CD3-allophycocyanin (APC), CD4-fluorescein isothiocyanate (FITC), CD5 peridinin chlorophyll protein (PerCP), CD8 phycoerythrin (PE), CD10 FITC, CD19 APC, CD20 PE, CD45 PerCP, CD79a PE, kappa FITC, and lambda PE were used to stain 2 ϫ 10 Ϫ6 cells. Ten thousand cells were acquired per tube using CellQuest™ software (Becton Dickinson), and the results were analyzed using Paint-a-gate™ (Becton Dickinson).
Molecular Genetics
Molecular genetic analysis for the detection of immunoglobulin heavy chain gene rearrangement was done on seven specimens from six patients, using either Southern blot analysis (SBA; four specimens) or polymerase chain reaction (PCR; three specimens) techniques.
For the SBA, DNA was isolated from the frozen tissue by incubation with DNAZOL (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. The DNA was quantified using spectrophotometric measurement and digested with restriction endonucleases. BamHI/HindIII and EcoRI (Gibco BRL, Grand Island, NY) restriction endonucleases were used. The DNA fragments were separated using 1% agarose gel (FMC Corp. Philadelphia, PA) electrophoresis. The gel was stained with ethidium bromide (Sigma Diagnostics, St. Louis, MO) and viewed under ultraviolet light. The separated DNA fragments were denatured, transferred to a nylon membrane, hybridized to fluorescent-labeled probe (kappa Ϫ2.5Kb and J H Ϫ2.5Kb; both DAKO), and detected by chemiluminescence using standard manufacturer's (DAKO) protocol.
PCR for VDJ gene rearrangements was performed according to methods described elsewhere (26) . Briefly DNA was extracted from paraffin-embedded tissue by initial dewaxing using Autodewaxer (Research Genetics, Inc., Huntsville, AL) and tissue digestion using 200 g/mL of Proteinase K (Boehringer Mannheim, Indianapolis, IN) and Tris buffer at 55°C overnight. VDJ PCR framework II and III primer sets were used. The primer sequences are summarized in Table 2 . B␤eta-globin primer set was used to assess whether amplifiable DNA was present. All tests were run with positive and negative controls. The product was and analyzed on a 6% polyacrylamide gel (Zaxis, Hudson, OH), stained with ethidium bromide (sigma), and viewed by ultraviolet transilluminator.
Chromogenic In Situ Hybridization
EBV-encoded RNA (EBER) by in situ hybridization (ISH) was using an automated stainer (Ventana). Unstained paraffin sections on electrostatically charged slides were baked overnight at 60°C, deparaffinized in two changes of xylene for 5 minutes each, followed by absolute ethanol (two 10-min changes each). Slides were then washed in distilled water for 5 minutes. Sections fixed in B5 or Hollande's were treated with Lugol's iodine (Fisher, Pittsburgh, PA) and sodium thiosulphate (Allegiance, McGaw Park, IL) to remove heavy metal deposits. The sections were then enzyme digested in 100 &mu;L of Protease I (Ventana Medical Systems, Tucson, AZ) at 37°C for 8 minutes and dehydrated in graded alcohols. The reaction was stopped in distilled water for 5 minutes. Ten microliters of biotin-labeled oligonucleotide (EBER) probe (Table 3) , in hybridization solution (Sigma) consisting of 50% deionized formamide, 20ϫ stan- dard saline citrate (SSC), and dextran sulfate was applied to the section and hybridized overnight at 37°C in a humidified chamber. Stringency wash of 2ϫ SSC was performed for 5 minutes at room temperature. Hybridization detection was performed using a streptavidin-alkaline phosphatase detection according to manufacturer's (Ventana) instructions. This consisted of sequential application of 100 &mu;L of mouse antibiotin antibody and enhanced alkaline phosphatase-labeled streptavidin, followed by color development with a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium system (Ventana). Slides were counterstained with Nuclear Fast Red (Newcomer Supply, Middletown, WI) for 8 minutes, dehydrated, and mounted with Cytoseal 60 (Stephens Scientific).
A few cases in the non-lung Tx cohort that were negative on initial EBER testing but had positive LMP-1 staining were retested with INFORM® EBER probe (Ventana). The staining was done on the Discovery automated ISH instrument (Ventana) per manufacturer protocol.
High-Throughput Tissue Microarray
A high throughput tissue microarray (TMA; Beecher, Silver Spring, MD) was constructed from specimens with suitable tissue blocks. The microscopic slides were reviewed, and the sections with tumor were microarrayed using a 1.5-mm-diameter stylet. Two such blocks were constructed with appropriate controls incorporated in them and were used for immunohistochemical analysis. For specimens with small amounts of tissue unsuitable for TMA, and in cases in which staining was uncertain, routine unstained slides were used for immunohistochemical analysis.
RESULTS

Clinical Findings
Eight of 244 LTx patients developed PTLDs (3.3%). The mean age was 51 years (range, 31-62 y). Four patients were male, and four were female. The median time to onset of PTLD was 7 months. The initial site of PTLD included the transplanted lung (n ϭ 5), colon (n ϭ 1), small bowel (n ϭ 1), and skin (n ϭ 1). Most of the LTx patients presented with low-stage disease (62.5% were Stage I E ). Clinically, none of the patients had primary lymph node involvement by PTLD. Patient 8 presented with multiple synchronous tumors in the colon. The clinical data for LTx patients is summarized in Table 1 .
We identified 20 non-LTx PTLD patients. The mean age of presentation was 49 years (heart, 52 y; kidney, 47 y; liver, 46 y). The median time to development of PTLD after transplantation was 40.5 months, and low stage was also common (43% were Stage I E , and 14% were Stage II E ). The most common site of primary involvement by PTLD was lymph node. In contrast to LTx recipients, none of the patients developed PTLD in the allograft organ (P ϭ .001, Fisher's exact test). The clinical data for non-LTx patients is summarized in Table 4 .
There appeared to be no significant difference in age (P ϭ .99, Wilcoxon test) or stage between lung and non-LTx patients (P ϭ .44, chi-square test). However, the median time to onset of PTLD after LTx was significantly shorter in the LTx patients compared with in other solid organ recipients. (P ϭ .003, Wilcoxon test). The immunosuppression protocols for the lung and other solid organ transplant patients are summarized in Table 5 . In general, LTx recipients received a higher degree of immunosuppression, in particular in the forms of cyclosporine and methylprednisolone, compared with other solid organ transplant recipients. Lung transplant patients do not receive anti-lymphocyte antibody therapy as part of their immunosuppression protocol.
Morphologic Features
All cases were classified according to the WHO classification (27) . Of the LTx PTLDs, three cases were polymorphic (Fig. 1) , and five were monomorphic PTLDs ( Fig. 2 ; Table 1 ). The monomorphic PTLDs were characterized by monotonous sheets of atypical lymphoid cells similar to a diffuse large B-cell lymphoma. A spectrum of B-cell maturation including small and large lymphocytes, plasma cells, and atypical immunoblasts was characteristic of the polymorphic PTLDs. Patient 8 (considered monomorphic in Table 1 ) actually had multiple synchronous colon tumors demonstrating monomorphic as well as polymorphic and plasmacytoma-like PTLDs. The plasmacytoma-like PTLD was composed of sheets of both mature and atypical plasma cells with variably prominent nucleoli (Fig. 3) . Patient 2 initially presented with a polymorphic PTLD and subsequently had a recurrence that was a monomorphic PTLD. The two FNA specimens had cell blocks that contained a few tissue fragments composed of large atypical lymphoid cells with prominent nucleoli that were best classified as monomorphic PTLD.
Of the 21 specimens from the 20 non-LTx PTLD patients, 15 were monomorphic, 2 were polymorphic, 2 were plasmacytoma-like, and 1 was a Hodgkin lymphoma-like PTLD (Table 4 ). The Hodgkin lymphoma-like PTLD contained RS-like cells in the background of a diffuse inflammatory infiltrate composed of eosinophils, neutrophils, small lymphocytes, and occasional plasma cells similar to the mixed cellularity type of Hodgkin lymphoma. One patient who presented with a polymorphic tumor had a recurrence that was monomorphic. There was no statistically significant difference in the incidence of morphologic subtypes in lung and non-LTx patients (P ϭ .28 by chi-square test).
Immunophenotypic Features
All cases in LTx patients were B-cell lineage and expressed CD20 (Fig. 4) . Two cases showed coexpression of CD43, five had CD79a expression, and one case was CD30 positive (Table 1) . Patient 8, who had multiple colonic PTLDs, showed lambda light chain restriction at the time of diagnosis. Further testing showed that other colonic tumors had kappa light chain restriction.
Among the non-LTx PTLDs 17 of 21 specimens were assessed for light chain restriction (4 by IHC, 10 by flow cytometry, and 3 by both methods). Of these, 3 were kappa monotypic, 3 were lambda monotypic, 2 were polytypic, and 7 were surface Ig light chain negative; in 2 specimens, the stain was indeterminate. One of the non-LTx PTLDs was a T-PTLD in a patient who had a kidney transplant, and Ig light chain restriction analysis was not relevant in this case. Ig light chain restriction was also not tested for in the Hodgkin-disease like PTLD. All other non-LTx PTLDs were of B-cell lineage.
Molecular Genetics
Among LTx patient PTLDs clonality was evaluated by SBA or PCR in seven specimens, all of which were found to be monoclonal (Table 1) . Neither test for clonality was performed on the FNA specimens (n ϭ 2). Of the 21 tumors from the 20 non-LTx patients, 12 were monoclonal and seven were polyclonal, whereas two cases had insufficient tissue for analysis (Table 4) .
EBV Analysis
EBER ISH was performed on paraffin-embedded sections of 7 specimens from 6 LTx patients and was positive in all cases (Table 1, Fig. 5 ). EBV LMP-1 was tested on all specimens and was found to be positive in 6 of 9 specimens (Table 1) . Five specimens were positive for both EBER and LMP-1. Two were positive for EBER but negative for LMP-1.
Fifteen of the 21 specimens (71%) among nonLTx patients were positive for EBER. Fourteen of the EBER positive specimens also expressed LMP-1. For one EBER-positive specimen, the LMP-1 was noninterpretable (Table 4) . One EBER-negative specimen was LMP-1 positive, possibly because of either a false-positive LMP-1 because of crossreactivity (28) or inability of the EBER probe to detect the RNA. There was no significant difference in EBV positivity by ISH when LTx PTLDs were compared with those in other solid organ recipients (P ϭ .13 by chi-square test).
Outcome
Treatment of the LTx patients was not uniform and consisted of varying combinations of reduction of immunosuppression, radiotherapy, and chemotherapy. Details of therapy are listed in Table 3 . median time to death was 4.6 months. Two patients were alive with evidence of disease. One patient was lost to follow-up (Table 1) .
Follow-up time for non-LTx patients ranged from 1-58.1 months (mean 21.7 mo). At last follow-up, four patients had died of complications of the disease (20%), two patients had died of unrelated causes (10%), five were alive with evidence of disease (25%), and nine were alive with no evidence of disease (45%; Table 4 ).
The overall survival after PTLD of LTx patients was compared with that of other solid organ transplant patients by Kaplan Meier survival analysis. LTx patients had a much shorter survival when compared with the rest of the cohort (P ϭ .002, log-rank test; Fig. 6 ).
Autopsy Results
Autopsies were performed on two LTx-PTLD patients. Autopsy on Patient 2 showed residual PTLD in both the right lung and colon. Multifocal nodules of PTLD were also found in the leptomeninges, cerebrum and cerebellum. Patient 3, who initially presented with cutaneous PTLD was found to have PTLD in the left kidney. All other organs were uninvolved. Additionally biopsies of the cutaneous lesions on her lower limb demonstrated atypical lymphoid cells consistent with residual PTLD.
All three non-LTx patients who had autopsies were heart transplant recipients. Two patients who died of complications of the disease while undergoing treatment had no evidence of PTLD at autopsy. The third patient had residual disease at the initial site of presentation.
DISCUSSION
PTLDs are a well-recognized complication of organ transplantation and are generally EBVassociated B-cell proliferations. The incidence of PTLDs appears to depend on several factors, including age, pretransplantation EBV status, immunosuppression regimen, and transplanted organ (5, 29, 30) . The incidence of PTLD in LTx patients varies in the literature from 6 to 10% (12, 24) . Montone et al. (23) reported a very high incidence of 20% that seems to be an outlier. It is of note that the cohort of transplant patients in that series was rather small (45 patients). A recent series by Levine and colleagues (22; 109 transplant patients) reported a lower PTLD incidence (1.8%) and mortality (1%) in their LTx patients compared with the case in previous reports. This was attributed to initial use of gancyclovir, followed by prolonged use of acyclovir at their institution (22) . The incidence of PTLD in our cohort of 244 LTx patients, though slightly higher (3.3%), is comparable to that in this latter study (22) . Prolonged use of antiviral therapy is not part of the treatment protocol for transplant patients at our institution, and the lower incidence may be a reflection of improved clinical management and close follow-up of these patients. Despite this, PTLD still appears to be an important cause of morbidity and mortality in LTx patients, behind rejection and infection, as reported elsewhere (12) . Several characteristics of the LTx PTLDs appeared to stand out when compared with our experience with those in other solid organ recipients. First, there was a high incidence of PTLDs occurring in the transplanted organ (62.5%). This high rate of lung-localized PTLDs in our patients is also significantly higher than the 18% suggested in the literature (31), though there have been reports indicating a similar high incidence (60 -80%; 11, 32). Several explanations for this have been offered in the LTx setting (32) . It has been postulated that there may be inoculation of bronchial lymphoid tissue by EBV from the oropharynx of the patient via aspiration. The donor lung may also be a direct source of infection as both the bronchial lymphoid tissue and donor lymphocytes may be a reservoir of EBV DNA. Finally, the relatively large amount of lymphoid tissue normally present in the transplanted lung may also increase the risk of PTLD. From this, one might expect the PTLD to be of donor origin. Although most PTLDs in solid organ transplant patients have been shown to be of host origin (33, 34) , PTLDs in the allograft organ have been shown to be of donor origin (35) . There is some difference of opinion in the literature because some authors have demonstrated that they can be of host origin as well (36) . Analysis of origin of the PTLD was not done in this study, nor has it been studied extensively in PTLDs in LTx patients.
Secondly, PTLDs in LTx patients appear to occur very early after transplant (median time 7 mo) compared with non-LTx patients (median time, 41 mo), which is consistent with the case in the previous literature (12, 23, 24, 30) . In addition, these PTLDs also appear to be clinically aggressive, with 5 of 8 patients dying of their PTLD. Kaplan-Meier analysis showed LTx patients to have a significantly shorter survival time compared with other solid organ PTLDs. The reasons for these differences are uncertain; however, factors to consider include host factors such as age and disease stage, as well as immunosuppression regimens.
Age and disease stage do not appear to account for this difference. Although our LTx patients were slightly older than were other organ recipients, there was no significant difference in mean age among the different groups. It is also unlikely that stage independently accounts for the poor performance of the former because there was no difference in stage of disease between the two groups. The degree of immunosuppression might also play a role in the early occurrence of PTLD because it is a well-known risk factor for PTLD (31) . Original reports of PTLDs in solid organ recipients reported a relatively long interval to PTLD (2); however, with the use of Cyclosporine (CSA) and OKT3, this interval has markedly decreased (37) . Although immunosuppression is somewhat individualized, guidelines for immunosuppression are not substantially different between the different organs in our institution. However, the dosage of CSA and steroids in our protocols is higher in LTx patients when compared with other solid organ Tx recipients (Table 5) and may be, in part, to blame. Anti-lymphocyte therapy is not an issue in this patient population because it was not part of their immunosuppression regimen. Although we were unable to specifically examine individual dosages, Levine et al. (22) reported that the immunosuppression regimens between LTx patients who developed PTLD and the remainder of the LTx population were not substantially different. Finally, although treatment was not uniform, some clinicians attempted to decrease immunosuppression before treatment with other agents. However, clinical circumstances may not allow significant reduction for fear of rejection. This limitation might also help explain the aggressive behavior of these PTLDs.
Third, monoclonality of LTx PTLDs was the rule, with all tested cases demonstrating a monoclonal B-lymphoid population. When Southern blot analysis was done on the LTx PTLD, these tumors demonstrated a strongly hybridizing rearranged Ig heavy chain gene band. This, as Locker and Nalesnik observed, correlated with the tumor containing a large proportion of neoplastic cells (14) . A dominant band on SBA was associated with a poor response to reduction in immunosuppression and a worse prognosis when compared with patients who had weak bands (14) . The poor clinical outcome in our patients is consistent with this observation.
Patient 8 is worthy of separate consideration. Multiple tumors developed simultaneously in the same site (colon) in this patient. Morphologically they were heterogeneous and molecular testing demonstrated that many of them were probably independent tumors, as indicated by different B-cell rearrangement patterns by SBA. Thus, as previous studies reported, multiple PTLDs occurring in the same patient can be of varying clonal origin (36, 38, 39) . This may have clinical implications, since different clones may behave differently during therapy.
In summary, we present our findings in a series of PTLDs in LTx patients seen at our institution. To the best of our knowledge, this is the largest series of LTx patients reported. The incidence of PTLDs in LTx patients in our series is 3.3%. They are generally EBV-associated B-cell lymphoproliferative disorders that are monoclonal. Lung PTLDs in this series were most often monomorphic with 5 of the 8 (63%) patients presenting initially with this morphologic subtype. They have a propensity to occur early after transplantation and involve the transplanted organ, and survival is short. Their aggressive clinical course and early presentation after transplantation may be due to the relatively high doses of immunosuppression used in LTx recipients and limited options in decreasing it. Careful monitoring of these patients is warranted because of the poor prognosis of those who develop this complication of transplantation.
